Looming visual stimuli result in escape responses that are conserved from insects to humans. Despite their importance for survival, the circuits mediating visual startle have only recently been explored in vertebrates. Here we show that the zebrafish thalamus is a luminance detector critical to visual escape. Thalamic projection neurons deliver dim-specific information to the optic tectum, and ablations of these projections disrupt normal tectal responses to looms. Without this information, larvae are less likely to escape from dark looming stimuli and lose the ability to escape away from the source of the loom. Remarkably, when paired with an isoluminant loom stimulus to the opposite eye, dimming is sufficient to increase startle probability and to reverse the direction of the escape so that it is toward the loom. We suggest that bilateral comparisons of luminance, relayed from the thalamus to the tectum, facilitate escape responses and are essential for their directionality.
INTRODUCTION
The ability to identify and evade predators is critically important for survival. As a result, escape behaviors arise early in development (Colwill and Creton, 2011; Mateo, 1996; Wiedenmayer, 2009) and are widely conserved across phylogeny (Carr, 2015; Fotowat and Gabbiani, 2011; Peek and Card, 2016; Pereira and Moita, 2016) . Vision, which detects approaching objects well before a collision and provides rich information about the threat's location, is central to a wide array of animals' evasive strategies (Carr, 2015; Pereira and Moita, 2016) . Specifically, looming stimuli resembling predators elicit avoidance behaviors that are conserved across taxa, including insects (Card and Dickinson, 2008; Holmqvist and Srinivasan, 1991) , amphibians (Finkenst€ adt and Ewert, 1983; Nakagawa and Hongjian, 2010) , fish (Dunn et al., 2016; Temizer et al., 2015) , rodents (De Franceschi et al., 2016; Wallace et al., 2013; Yilmaz and Meister, 2013) , and humans (Ball and Tronick, 1971 ; King et al., 1992) .
In Drosophila, looming stimuli are detected by specific lobule and lobule plate neurons (de Vries and Clandinin, 2012; Klapoetke et al., 2017; von Reyn et al., 2017; Wu et al., 2016) , and escape is mediated by their downstream targets, including the giant fiber pathway (Allen and Godenschwege, 2010; Fotowat et al., 2009; Hammond and O'Shea, 2007; Holmqvist and Srinivasan, 1991; von Reyn et al., 2014) . In amphibians, visual escape depends on the tectum, with contributions to predatory disinhibition and visual escape from the pretectum and thalamus (Ingle, 1980; Li et al., 2010) . In mammals, both the retina (M€ unch et al., 2009 ) and superior colliculus (Sahibzada et al., 1986) are involved in detecting looms, and loom-responsive neurons have been identified in the superior colliculus/tectum (Liu et al., 2011; Nakagawa and Hongjian, 2010; Westby et al., 1990; Wu et al., 2005) . In fish, escape relies on the size and speed of the stimulus, with larger and faster stimuli eliciting more robust escape responses (Dill, 1974; Preuss et al., 2006) . These responses are orchestrated by the Mauthner cell system (M-system), which likely receives loom-related information from the tectum (Hackett and Faber, 1983; Preuss et al., 2006) . Although many of these insights are decades old, a complete picture of loom processing has remained elusive, and the circuit-level dynamics of loom detection have only recently been addressed in vertebrates (Dunn et al., 2016; Shang et al., 2015; Temizer et al., 2015; Wei et al., 2015) . In larval zebrafish, specialized retinal ganglion cells (RGCs) respond specifically to looming stimuli and relay this information to the tectum (Temizer et al., 2015) . These inputs innervate tectal superficial inhibitory neurons (SINs) (Del Bene et al., 2010; Dunn et al., 2016) , and it is hypothesized that the RGC inputs, modulated by SIN activity, activate a subset of the tectum's periventricular neurons (PVNs) (Dunn et al., 2016) . These loom-sensitive PVNs then relay their information, directly or indirectly, to the M-system, which triggers escape (Dunn et al., 2016; Sillar, 2009; Zottoli, 1977) .
This model, however, focuses on one specific property of looming stimuli: their expanding edges. Real-world looming predators present expanding edges and also generally a drop in overall luminance. Specifically in zebrafish, there is conflicting evidence on whether luminance information contributes to visual escape (Dunn et al., 2016) , but the fact that dark (but not light) looming stimuli elicit evasive actions, both in zebrafish (Temizer et al., 2015) and mice (Yilmaz and Meister, 2013) , suggests that luminance plays a role. It is also unclear whether visual escape is mediated purely by the retina and tectum or whether additional brain regions contribute to the identification of visual threats.
RESULTS

Loom Responses in the Thalamus of Larval Zebrafish
To identify all brain regions involved in visual startle, we exposed larvae to repeated dark looming stimuli for 10 min and then fixed them and stained for phosphorylated extracellular signal-related kinase (pERK), an indicator of elevated neural activity . We then registered confocal stacks of these brains against each other and the ZBrain atlas of the larval zebrafish brain and compared pERK between control animals and those exposed to looms ( Figure S1 ; Video S1). Of 297 brain regions delineated in ZBrain, we observed elevated pERK in the tectum, regions of the hindbrain, the telencephalon, and the thalamus of larvae exposed to loom stimuli. Among these regions, tectal responses have been described (Dunn et al., 2016; Temizer et al., 2015) , hindbrain activity likely relates to the coordination and delivery of escape responses by spiral fiber neurons (O'Malley et al., 1996) or proprioceptive feedback from the tail Randlett et al., 2015) , and telencephalic activity may reflect higher-order representations of threat (Cheng et al., 2014) . This leaves the thalamus as a largely unexplored contributor to loom detection.
Because thalamic contributions to vision are relatively poorly characterized in zebrafish, we surveyed the thalamus' visual response profile using the calcium indicator GCaMP6f (A and B) Bar code analysis of individual ROI response rates to ten stimulus presentations in (A) the tectum and (B) the thalamus (stimulus icons represent dark loom, light loom, dark moving spot, and light moving spot, from left to right, and are maintained throughout the rest of the figures). For clarity, nonresponding ROIs are not shaded. The tectum had clear responses to loom stimuli and moving spots in both light/dark configurations (A). The only consistent response of the thalamus was to the dark loom (B). (C) Across 12 larvae, these responses were significant versus spontaneous activity for all stimuli in the tectum but only for the dark loom in the thalamus. (D) By plotting the average of all calcium traces in all 10 responsive ROIs in the tectum (black) and thalamus (red), we see no notable differences in response timing or magnitude across stimuli. *p < 0.05, **p < 0.005 (two-sample KolmogorovSmirnov test with Bonferroni-Holm correction for multiple comparisons). (Chen et al., 2013) and selective planar illumination microscopy (SPIM) ( Figure S2 ). We presented a wide array of stimuli to immobilized elavl3:H2B:GCaMP6f larvae (Chen et al., 2013) while imaging population-level activity in the thalamus and, as a positive control, the tectum. We then performed morphological segmentation to identify regions of interest (ROIs) roughly corresponding to individual neurons and used a Boolean based ''bar code'' approach (Kubo et al., 2014; Naumann et al., 2016) to identify ROIs responding to each stimulus ( Figure S3 ). Each ROI was deemed to be active when its correlation to an example GCaMP event was above 0.8 during a given trial. A bar code was then created by summing the number of trials (out of five) that elicited responses for each stimulus. Baseline activity was measured at five time points without stimuli. As expected, ROIs in the tectum were broadly responsive, but thalamic responses were specific to dark looming stimuli ( Figure S4 ).
This prompted a deeper analysis of thalamic and tectal responses to dark looms alongside three other visually salient stimuli: light looms, dark moving spots, and light moving spots, using ten trials for each. This confirmed tectal responses to all stimuli (Figures 1A and 1C) and thalamic selectivity for dark looms (Figures 1B and 1C) . Response strengths were similar across stimuli and brain regions ( Figure 1D ), consistent with past observations in the tectum (Thompson and Scott, 2016) . We conclude that the thalamus is specifically tuned to dark looming stimuli or to some property contained within these stimuli, whereas the tectum shows population-level responses to diverse visual stimuli.
Anatomical and Functional Analysis of the ThalamoTectal Projection
We next explored the functional implications of this thalamic activity using the enhancer trap line Gal4 s1020t (Scott et al., 2007; Wyart et al., 2009; Zhang et al., 2017 ; Figure S5 ; Video S2) in combination with a suite of UAS-linked reporters. We demonstrated strong Gal4 expression in the thalamus ( Figure 2A ) and identified thalamic projection neurons innervating the tectal neuropil ( Figure 2B ; Video S3). These projections are axons, as demonstrated by the presynaptic labeling in the tectal neuropil in Gal4 s1020t , UAS:synaptophysin-GFP (Heap et al., 2013) animals ( Figure 2C ; Video S4). Finally, using Gal4 s1020t , UAS:synaptophysin-GCaMP5g animals, we observed activity in the axonal terminals of these thalamic projections during dark loom stimuli ( Figures 2D and 2E) .
Because different laminae of the tectal neuropil perform different processing (Gabriel et al., 2012; Hunter et al., 2013; Robles et al., 2014) , we identified the layers of the neuropil receiving thalamic projections. We used Gal4 s1020t ; Atoh7:Gal4; UAS:
Kaede larvae, which express the photoconvertible protein Kaede both in RGCs (Del Bene et al., 2010) and in our thalamic projection neurons. Selective photoconversion of the thalamus revealed thalamic axons (containing red Kaede) among unphotoconverted green RGCs (Figures 2F and 2G; Video S5) . Although thalamic projections span several laminae, they are most prominent in the deep neuropil, including in layers not innervated by retinal inputs ( Figure 2H ). This suggests a possible role in modulating the tectal processing of retinal information (Nevin et al., 2008) .
A Necessary Role of the Thalamus in Neural and Behavioral Loom Responses
These data demonstrate that the thalamus is visually responsive in larval zebrafish and that it relays loom information to specific layers of the tectal neuropil. We next explored the functional contributions of the thalamo-tectal tract using targeted laser ablations. Specifically, we observed responses to visual stimuli in the tectum with and without input from the thalamus ( Figures  3A-3D ). Tectal responses to dark looming stimuli were reduced by the ablation, whereas responses to light looms and moving spots were unchanged ( Figures 3A-3C ). In animals with ablations, more tectal ROIs failed to respond to dark looms, and fewer responded reliably ( Figure 3D ). Thalamic responses to dark looms were unaltered by downstream ablations ( Figure 3E ). To gauge whether the thalamus contributes to behavioral escape, we presented dark looms to free-swimming larvae with and without ablations. Escape probability was unaffected by ablations ipsilateral to the stimulus (as expected because all RGCs cross the midline, and thalamo-tectal projections appear ; UAS: Kaede larva (a z series of this expression pattern can be found in Video S2). (B) An individual thalamic projection neuron, revealed using the Brn3c: Gal4;UAS:GFP transgene (Scott et al., 2007) , ramifies broadly in the tectal neuropil (a 3D rotation of this cell can be found in Video S3). (C) Expressing a synaptically targeted GFP under the control of Gal4 s1020 , we see presynaptic terminals of thalamic projection neurons in the tectal neuropil (white outline; a z series is shown in Video S4).
(D) By expressing GCaMP in these terminals (in Gal4 s1020 ;UAS:synGCaMP5g larvae), we can gauge when communication is taking place. The location of the presynaptic activity of thalamic axons in the tectal neuropil during looming stimuli in these animals is shaded red.
(E) Activity in these synaptic terminals during ten looming stimuli (shaded in blue) across all animals (shading indicates S.D., n = 5).
(F) A z projection of the tectal neuropil, rotated perpendicular to the field of view. Green indicates RGC axons, and magenta shows thalamic projection neurons.
(G and H) Imaris rendering of (F) (an animation of this rendering can be found in Video S5). The space between the lines in (G) indicates the area sampled to produce a dorsal-ventral map (H) of thalamic projections registered against those from the retina. RGC-defined laminae are indicated with yellow shading, and a thalamo-recipient lamina between the SFGS and SGC is indicated by an asterisk. SO, stratum opticum; SFGS, stratum fibrosum et griseum superficiale; SGC, stratum griseum centrale; SAC/SPV: stratum album centrale and stratum griseum periventriculare. Scale bars indicate 100 mm.
to be ipsilateral) but dropped significantly with contralateral ablations and dropped dramatically in animals with bilateral ablations ( Figure 3F ). As expected, control animals generally escaped away from the stimulus (Dunn et al., 2016; Temizer et al., 2015) , and this held true for animals with ipsilateral ablations (Figures 3G and 3H) . Strikingly and unexpectedly, contralateral ablations led to a dramatic reversal in the escape direction, and directionality was lost altogether in the infrequent escapes performed by animals with bilateral ablations (Figures 3G and 3H; Video S6). These results suggest that information about dark looms, relayed from the thalamus to the tectum, is necessary for normal tectal loom responses. This thalamo-tectal connection enhances the probability of escape behavior and powerfully influences the direction of these escapes.
These interpretations rely on the specificity of our ablations. Normal tectal responses to other stimuli suggest that direct retino-tectal projections were not affected, and normal thalamic responses show that upstream arborization fields (AFs) remained intact. Furthermore, when registering our ablations to the ZBrain atlas, we found that both of the robustly dark loom-responsive AFs (AF6 and AF8; Temizer et al., 2015) were intact and well clear of ablated tissue ( Figure S6 ; Video S7). Finally, the robust responsiveness of ipsilaterally ablated larvae demonstrates that motor control and overall health were not affected.
The Thalamus Is a Dim Sensor in Larval Zebrafish
To make sense of how the thalamus influences both the likelihood and the direction of escapes, we separated the loom stimulus into its two essential components: expanding edges (presented as an expanding isoluminant checkerboard on a gray background) and dimming (presented as a whole-field dim that temporally matches luminance loss during the loom). We found that the tectum was responsive to the checkerboard, the dim, and the loom and that the thalamus was responsive only to the dim and loom ( Figure 4A ). This suggests that the tectum combines information from the retina (checkerboard) and the thalamus (dim) for a full loom response. Consistent with this, checkerboards were less effective than looms at eliciting startles ( Figure 4B ). Dimming stimuli failed to elicit startles, consistent with previous studies in mice (Yilmaz and Meister, 2013) . Interestingly, we found that checkerboard startles were not directional ( Figure 4C ).
A Thalamic Dim Signal, Compared across the Two Eyes, Facilitates Escape Responses and Dictates Their Direction
Our resulting model is that expanding edge stimuli (relayed directly from the retina to the tectum) are necessary for a startle response but that the probability of a startle increases when dimming information (relayed to the tectum via the thalamus) accompanies them. The thalamic dimming information cannot produce startles but appears to be entirely responsible for the direction of the escape, as illustrated by the reversal in animals with contralateral ablations and the undirected escapes observed in bilaterally ablated animals responding to dark looms and by the undirected escapes of intact larvae responding to checkerboard looms. Given this, directional startle is presumed to result from a bilateral comparison of the thalamic outputs from dimming on the two sides of the animal, with a preference to startle away from the eye sensing the greater or earlier drop in luminance.
To test this, we created a chamber in which moving edges and dimming could be parsed between the two eyes ( Figure 4D ). Larvae confined to a circular chamber within a larger arena typically swim around the edges, so we could present a 
. Expanding Edges and Drops in Luminance Play Distinct Roles in Visual Escape
(A) The tectum shows significant responses to checkerboard, dimming, and looming stimuli (left to right), whereas only dims and looms elicit thalamic responses. The heatmap used is the same as for Figure 1. (B and C) The startle rate for intact larvae exposed to loom, checkerboard, and dim stimuli (B) and the direction of loom (black) and checkerboard (x) startles (C), with the stimulus approaching from the right (loom, p = 0.0019; checkerboard, p = 0.5413 versus null distribution). (D) A schematic of our behavioral setup. (E) The startle rate to loom, dim, checkerboard, and split stimuli. (F) The proportion of startles that are away from the center of the chamber (gauged by the initial direction of the head movement). Examples of these responses can be found in Video S8. *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001. Error bars indicate SEM. Statistics for (A): two-sample Kolmogorov-Smirnov test with Bonferroni-Holm correction for multiple comparisons. Statistics for (C): exact binomial test, twotailed. Statistics for all others: one-way ANOVA with Dunn's multiple comparisons test. For calcium imaging, n = 9 larvae. For behavioral data in (B), n = 15 larvae for looms and 6 larvae for checkerboard and dimming stimuli. For (E) and (F), n = 11 larvae.
checkerboard from the center while the area outside of the chamber dimmed, thus splitting the loom's two fundamental properties between the eyes. Our model makes two counterintuitive predictions. When larvae are presented with checkerboard loom to one eye and dimming to the other (split stimulus), the escape rate should be higher than to checkerboard alone, and the larvae should preferentially escape away from the dim (toward the checkerboard) despite the fact that the checkerboard is providing the essential startle signal. In essence, this experiment allows the dim's contributions to startle probability and direction to be observed in isolation, even in animals that are receiving both fundamental loom properties.
Our results generally supported these predictions ( Figures 4E  and 4F ). The split stimulus led to a significantly higher rate of responses than the checkerboard ( Figure 4E ), although this rate remained lower than for a dark loom. The directionality of the responses to the split stimulus (70% toward the loom, n = 52 startles in 11 larvae; Video S8) mirrored those to a standard loom stimulus (67% away from the loom, n = 85 startles in 11 larvae). This was the first case in which dim stimuli were presented differentially to the two eyes, and we noted the emergence of dim-induced startles (albeit at a low rate). These were invariably away from the dim (n = 11 responses from 5 larvae), further implicating a luminance comparison between the eyes in driving the direction of and (in rare cases) the decision to escape. The checkerboard responses in this experiment, although not significantly different from random, are slightly biased away from the stimulus. We do not know whether this effect would be borne out in a larger dataset, but it points to the possibility of a minor contribution from moving edges to directional escape.
It is worth noting two caveats to this experiment. Because the stimuli were presented from below, and the larvae were not always perfectly perpendicular to the approaching loom, the stimulus may not have been strictly restricted to the targeted eye. This may have dampened the effects we have observed, but it would not be expected to produce spurious effects. Likewise, the chamber's edge might have produced a somatosensory cue dissuading startles away from the center. The high rate of ''away'' startles in response to loom stimuli ( Figure 4F ) suggests that this was not the case.
DISCUSSION
Prior studies of visual escape have focused on contributions from the retina and the tectum and have not delved deeply into the processing of individual stimulus components. Here we show that retino-tectal edge detection is necessary for most startles but that a retino-thalamo-tectal dim-sensitive circuit contributes to the decision to startle and controls the direction of the escape. We show that the thalamus is responsive to dark looming stimuli and that the dimming component of this stimulus is largely responsible for this response. We further identify thalamo-tectal projection neurons and show that they are active during loom stimuli. Loss of this tract on the relevant side of the larva decreases tectal responses to loom stimuli, reduces the likelihood of a startle response, and has the surprising effect of reversing the directionality toward the stimulus. Addressing this behavior from a different perspective, we characterize responses to isolated dimming and expanding edge stimuli. Expanding edges elicit startles but with reduced frequency and without directionality. Notably, intact animals responding to checkerboards resemble animals with ablated thalamo-tectal tracts exposed to dark looms, where escapes occur at a lower frequency and in seemingly random directions. In both cases, we argue, the tectum is deprived of luminance information. When the expanding edges and dim are parsed across the two eyes, the dim stimulus both increases the probability of a startle and directs these startles toward the checkerboard stimulus. This implicates the dimming component of the loom stimulus both in the likelihood and the directional control of visual startle behavior. Similarly, when a dim stimulus is presented to one eye only, escapes occur at a low rate and occur invariably away from the source of the dim. This result dovetails with the reversal of startle responses in animals with contralateral ablations and in intact animals facing a split stimulus. In all of these cases (and, we propose, in natural loom responses), it is differential dimming across the two eyes that increases the probability of a response and directs it away from the dim. The experiments presented here do not resolve whether it is the relative timing or magnitude of the dimming across the two eyes that serves as the critical feature; the assay shown in Figure 4 presents one of the eyes with both an earlier and a more dramatic drop in luminance.
This model incorporating thalamic contributions to visual escape is not entirely novel; our results reaffirm and extend the decades-old discovery, made in toads, that ablation of the thalamus causes disinhibition of predatory activity and loss of escape behavior (Ewert, 1970; Finkenst€ adt and Ewert, 1983) . Our model also does not refute prior models suggesting that visual escape circuitry exists in the retina (Temizer et al., 2015) and the tectum (Dunn et al., 2016) . Rather, it introduces luminance as a key contributor to loom responses and characterizes the thalamus as the structure where drops in luminance are identified before being relayed to the tectum. These findings are in line with observations in invertebrates, where both luminance changes and edge motion are required for escape responses (Holmqvist and Srinivasan, 1991) .
The cellular networks mediating these responses remain mysterious. Our results suggest that the tectum is the first structure in which moving edges and dimming are both represented, making it a potential integrator of these features. If this is true, then future work may focus on the characteristics of edge-sensitive, dim-sensitive, and loom-specific populations of tectal neurons, along with the response properties of tectal projection neurons relaying a perceived loom to downstream structures. Our suggestion that the animal startles away from the eye receiving the earlier or greater dim stimulus requires bilateral communication, likely between the two tecta. The neurons mediating this communication and the circuit dynamics by which differential dimming is calculated would be interesting topics for further investigation. Of course, it is formally possible that streams of information related to moving lines and dimming pass through the tectum in parallel to be compared bilaterally in subsequent circuitry.
Relevant to downstream circuitry, a recent study (Bhattacharyya et al., 2017) has demonstrated that looms of different speeds elicit distinct motor outputs, with fast looms driving powerful short-latency escapes and slower looms eliciting slower, more variable responses. These behaviors use Mauthner and nonMauthner motor pathways, respectively. The data we present here have neither the temporal nor the spatial resolution to address latency or kinematics quantitatively, but it will be interesting in the future to see whether moving edges, dimming, and looms lead to behaviorally distinct forms of startle with the associated recruitment of different motor circuits. Regardless of the circuit-level details, the introduction of a thalamic dim-specific pathway expands our understanding of visual escape. In effect, it bridges the gap between retinal and tectal models of loom detection. In so doing, it brings several prior circuit-level observations into alignment and provides explanations for previously observed behavioral phenomena. Temizer et al. (2015) found that ablation of RGC axons entering the tectum blocked escapes from contralateral but not ipsilateral loom stimuli. This agrees with the necessity for expanding edge information in visual startle and provides a complementary result to the thalamo-tectal ablation performed here. The same study described dim-specific RGC terminals in AF6 and AF8, adjacent to the thalamus, which, we suggest, are likely inputs for thalamic dim detection. Dunn et al. (2016) , using calcium imaging, identified sparse responses in the pretectum and thalamus to dim stimuli, and two recent studies have shown a thalamo-habenular path through which luminance mediates light preference (Cheng et al., 2017; Zhang et al., 2017) . These results, combined with ours, suggest that the thalamus relays information on luminance to multiple brain regions to mediate different behaviors. This newly identified thalamo-tectal circuit also explains the directionality that has been observed in response to dark looms (Dunn et al., 2016; Temizer et al., 2015) and the fact that dark looms are more effective than light looms in eliciting escape behavior in both zebrafish larvae and mice (Temizer et al., 2015; Yilmaz and Meister, 2013) . As outlined above, the circuits that integrate these distinct inputs and relay a loom decision to premotor regions are intriguing topics for further investigation.
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Detailed methods are provided in the online version of this paper and include the following: 
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Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Ethan Scott (ethan.scott@uq.edu.au).
EXPERIMENTAL MODEL AND SUBJECT DETAILS Zebrafish husbandry and cloning
All experiments were performed with approval from the University of Queensland Animal Welfare Unit in accordance with approval SBMS/378/16. Zebrafish (Danio rerio) of either sex were raised at 28.5 C on a 14 hour ON / 10 hour OFF light cycle. Adult zebrafish were maintained, fed and mated as previously described (Westerfield, 2000) . Embryos were raised on a 14 hour ON/ 10 hour OFF light cycle in 10% Hanks solution, consisting of 137mM NaCl, 5.4mM KCl, 0.25mM Na2HPO4, 0.44mM KH2PO4, 1.3mM CaCl2, 1.0mM MgSO4 and 4.2mM NaHCO3 at pH 7.2.
The UAS:synGCaMP5g line was created by injecting embryos at the single cell stage with media containing 100ng/mL transposase RNA and 50ng/mL pT2KXIGdin-syn-GCaMP5g DNA. The pT2KXIGdin-syn-GCaMP5g plasmid was created by first inserting the GCaMP5g gene into a gateway cloning middle entry vector (PME) containing GCaMP3 (PME-GCaMP3) using BstBI and PmlI REAGENT restriction enzymes, replacing 869 base pairs at sites 358-1227of GCaMP3 with those of GCaMP5g. GCaMP5g was subsequently cloned into pT2KXIGdin-syn-gfp using SmaI and NotI sites, creating the plasmid pT2KXIGdin-syn-GCaMP5g. All experiments were performed in nacre mutants of the Tupfel long fin (TL) strain (Lister et al., 1999) at 6dpf. TL-Nacre animals were used to screen for loom sensitive regions of the brain, and for behavioral experiments. Gal4 s1020t ; UAS:Kaede animals were used for identifying expression regions, and Gal4 s1020t ,UAS:Kaede; Brn3c:Gal4,UAS:mGFP animals were used for visualizing individual thalamic neurons. Gal4 s1020t ; UAS:Kaede and Ath5:Gal4; UAS:Kaede animals were used for photoconversion experiments.
Gal4
s1020t ; UAS:synGCaMP5g animals were used for mapping thalamic synaptic activity. HuC:H2B-GCaMP6f animals were used for recording calcium activity from the thalamus and tectum. Gal4 s1020t ; UAS:mCherry; HuC:H2B-GCaMP6f animals were used for ablation studies.
METHOD DETAILS
ERK/pERK staining Larvae were mounted dorsal side up in 2% low melting point agarose, and were then placed individually into 25mm Petri dishes that were placed 20mm above a 55mm x 75mm LED screen. A black on white linear looming stimulus, which expanded at a rate of 23.75 /s vertically and 35 /s horizontally was played below these animals, repeated every 10 s for 10 minutes. Animals were immediately fixed in 4% PFA after cessation of the looming stimulus. After washing with PBS, an antigen retrieval step (Inoue and Wittbrodt, 2011 ) was performed by incubating fixed larvae in 150 mM Tris-HCl at pH 9.0 for 5 minutes at room temperature, followed by heating at 70 C for 15 min. Following this, embryos were permeabilised in 0.05% Trypsin EDTA for 45 minutes on ice. For ERK staining alone, animals with the genotype Gal4 s1020t ; UAS:Kaede were fixed in 4% PFA at 6dpf. Primary antibodies for tERK (Cell Signaling, 4696) and pERK (Cell Signaling, 4370) were diluted to a concentration of 1:500 in blocking solution, and were incubated for 72 hours at 4 C (Filosa et al., 2016) . The two secondary antibodies, Alexa Fluor 633 (A-21050, RRID:AB_2535718) and Alexa Fluor 546 (A-11010, RRID:AB_2534077), were diluted in blocking solution at a concentration of 1:500, and were incubated for 72 hours at 4 C with the larvae. Stained larvae were embedded in 2% low melting point (LMP) agarose, and confocal stacks of the entire animals were taken on a ZeissLSM 710 inverted confocal microscope with a 3mm slice interval. Consistent confocal settings were used for all animals. Confocal stacks were stitched together using the Pairwise Stitching plugin for ImageJ. Image registration of the pERK signal was performed against a model of anti-tERK expression in the nervous system of larval zebrafish. This was performed with Computational Morphometry Toolkit, RRID:SCR_002234, using the command string -awr 010203 -T 8 -X 52 -C 8 -G 80 -R 3 -A '-accuracy 0.4' -W '-accuracy 1.6'. Separately, experimental and control animals were averaged using a custom-written MATLAB (RRID:SCR_001622) script, which was then incorporated into a local version of the Z-Brain Atlas .
Comparisons between animals subjected to looms and controls were performed by comparing the ratio of pERK to tERK across all Z-Brain regions in all animals. Ratios were compared with a t test corrected for multiple comparisons (Bonferroni-Holm).
Axon mapping
Animals with the genotype Atoh7:Gal4;Gal4s1020t;UAS:Kaede were mounted in 2% low melt agarose at 6dpf. Using an Olympus BX61 upright confocal microscope, photoconversions were performed using a region of interest (ROI) that included the entirety of the thalamus. Using the 'stimulus setting' Olympus wizard, a 405nm laser at 10mW was used to irradiate the entirety of this ROI until all green Kaede had been photoconverted to red at all dorsal-ventral depths within the thalamus. Animals were then left for one hour, which allowed the red photoconverted Kaede to diffuse down the length of the axons.
Imaging of the neuropil was performed on a Yokogawa 3i inverted spinning disc confocal microscope, using a 488nm laser for excitation of the green Kaede and a 561nm laser for excitation of the red Kaede. Confocal stacks were taken from the most dorsal to the most ventral point of the tectal neuropil, using a 40X water immersion objective and a 0.2 mm slice interval. Exposure times for the channels varied, but were optimized so that the minimum intensity had a gray value of at least 10000. Images were saved as .tiff stacks, and all metadata from imaging was saved as an .xml file. The resulting images were deconvolved using the Huygens Professional Plus Deconvolution program (Scientific Volume Imaging, Hilversum, the Netherlands), using a theoretical point spread function and the following parameters: maximum iteration 60, total image change threshold 0.01). The signal to noise ratio for each channel was calculated in each image by comparing the fluorescence intensity of a ROI to the fluorescence intensity of the background.
To determine the distribution of thalamic output to the tectal neuropil, additional analysis was performed using Imaris v8.1 (Bitplane, Zurich, Switzerland). Surfaces of both the red and green channels in the neuropil were created using the 'surface creation' plugin, where the neuropil was highlighted as a ROI. To remove any out of focus light remaining after deconvolution, a background subtraction with a maximum size threshold of 0.2 mm was used. This value was smaller than any measurable axon in the original image, and thus would only remove out of focus light, and not thalamic projections. An upper thresholding bound of 4.5 mm was set so that larger features, such as tectal cell bodies and skin cells, were excluded from the analysis. Once surfaces were completed, clipping planes were used to section out a 20 mm slice through the medial region of the rostral-caudal axis. The intensity along this line was used to calculate the distribution of intensities across the dorsal-ventral axis of the neuropil at three positions in the neuropil.
Recording from neural populations during visual stimulation All GCaMP experiments were performed on 6dpf animals expressing a panneuronal and nuclear targeted version of GCaMP6f (HuC:H2B-GCaMP6f) (Chen et al., 2013) , or on 6dpf animals with the genotype Gal4 s1020t ;UAS:synGCaMP5. Animals were placed in a custom built imaging chamber, and experiments were performed using a house-built SPIM microscope, where a 488nm beam was first expanded (see below) and then reflected into a beam splitter (BS PLATE 50 X 50MM 50R/50T, Edmund Optics). These two light paths were reflected through a custom 6mm slit lens consisting of a square aluminum plate with a vertical 6mm-wide slit cut out, and cylindrical lens (Lens Cyl 30 X 25mm X 75 FL VIS-NIR, Edmund Optics), before passing through 4X illumination lenses (UPLFLN 4X 0.17NA, 17mm WD, Olympus) (Thompson and Scott, 2016) . Two different beam expanders were used for the creation of SPIM illumination planes during this course of the study. For all data collected except that in Figure 3 , this consisted of a 4X beam expansion, achieved with a F = À50mm concave lens (LC1715, Thorlabs) and a F = +200mm convex lens (LA1708, Thorlabs) ( Thompson and Scott, 2016) . For the data collected in Figure 3 , a 2X beam expander was used consisting of a F = À50mm convex lens (LC1715, Thorlabs) and a F = +100mm convex lens (LA1509, Thorlabs); this setup resulted in a thinner illumination plane with less out of focus light coming from the out of focus depths, resulting in a much stronger fluorescent change in neurons that had to be accounted for when analyzing these experiments (see Analysis of Calcium Imaging Data, below). For experiments throughout, images were captured at 10Hz, and Imaging was performed using a 20X imaging objective (XLUMPFLN 20XW 1.0NA, 2mm WD, Olympus).
For the preliminary screen of numerous visual stimuli, imaging was performed at three thalamic depths, separated by 15 mm. The stimulus train consisting of 28 visual stimuli was played to the animals, repeating the experiment five times at each depth. Stimuli were created using ImageJ, and were presented using an Accelevision LCD35VGAN monitor. These stimuli consisted of looms that expanded vertically at a rate of 23.75 /s and horizontally at 35 /s with a À85lux change in brightness for black on white and +86lux change in brightness for white on black, moving bars presented moving horizontally and vertically, at a speed of 20.75 /s and 19 /s and with a 2 and 0.4 lux change in brightness for white on black and a À4 and À5lux change in brightness for black on white, moving spots of two sizes (7 and 3 ), which moved either horizontally or vertically at a speed of 20.75 /s or 19 /s, with a +0.4 and +2lux change in brightness for white on black and a À4 and À1lux change in brightness for black on white, and full field flashes with a À85lux change in brightness for black on white, and a +86lux change in brightness for white on black. All of these stimuli were presented as both black on white, and white on black. For subsequent tests using fewer, more targeted stimuli, subsets of the above stimuli were used, and in some cases, modified as described in the main text.
Laser ablations of the thalamo-tectal tract Ablations were carried out in animals with the genotype Gal4 s1020t ;UAS:mCherry;HuC:H2B-GCaMP6f. Larvae were mounted in 2% low melting point agarose for ablations experiments, which were performed on a Zeiss710 inverted confocal microscope. A z-stack from the most dorsal point of the axonal fibers labeled by Gal4 s1020t to the bottom of the labeled structure was taken in order to establish a pre-ablation baseline. The thalamo-tectal tract (labeled with mCherry) was selected as an ROI using the 'Regions' software on Zen Black, and using the 'Bleaching' Zen plugin, this was ablated using a 910nm laser at 60mW, pulsed 25 times or until the axon tract disappeared. A second stack was then taken to determine whether the targeted axons were, indeed, ablated. Only animals meeting this criterion were used in experiments. This procedure was carried out in three ways. Controls were subjected to identical mounting and handling conditions as ablated animals, but were not targeted with the laser. Unilateral ablations were performed by ablating the thalamo-tectal tract on one side of the animal, and bilateral ablations consisted of ablations of both sides. Regardless of what ablation paradigm was carried out on an animal, the ablation protocol was kept consistent. After ablations, animals were removed from the agarose and were left to recover for one hour in E3 media until either SPIM or behavioral experiments were commenced.
Behavioral experiments
For behavioral experiments, Petri dishes were filled with 2% agarose, and circles 15mm in diameter were cut out to provide a chamber for the larva. This chamber was filled with E3 media, and the Petri dish was placed 1cm above a 75mm x 55mm LED screen, as described above. A larva was placed into the chamber, and was left to adapt to the new arena for 15 minutes. Behavioral responses were recorded at 200 frames per second (HiSpec2G-mono, serial HS00112, FastTec Imaging Corporation, San Diego USA). A looming stimulus was played from below, and originated from the center of the cut-out arena. Each larva was subjected to 20 looms, 10 originating from the left, and 10 from the right. For experiments including the split stimulus, care was taken to ensure that the animal was positioned with the length of its body perpendicular to the well's radius. This was done to reduce the variability and heterogeneity of the stimuli being received by each eye.
QUANTIFICATION AND STATISTICAL ANALYSIS
Analysis of behavioral data Analysis of these data was performed on FIJI (Schindelin et al., 2012) . Behavioral videos were loaded individually into FIJI, and two measurements were made. The first was a binary ''yes'' or ''no'' judgement, based on whether the animal performed a C-bend. In this analysis, only C-bend startle events were classed as escape responses. From this measurement, the response rate for each animal was calculated. In unilateral experiments, calculations were based on looms from either the left or right of the larva, whereas in both control and bilateral conditions, the percentage was calculated from all loom exposures.
In instances where animals performed escape responses, a second measurement was taken calculating the angle change between the starting position and the maximal bend from the first turn. This was calculated by measuring the line between the head and swim bladder of the larva and the angle that this line formed with the origin of the loom. A second measurement was taken after the fish completed its first turn, which again was taken using the head, swim bladder, and loom origin as anchor points. The pre-and post-turn angles were compared to produce the angle of escape versus the loom origin. Z axis movements (related to the larva's depth position) were not clearly resolved in our imaging setup, and were not taken into account. If this angle of escape occurred between 0 radians and p radians (i.e toward the source of stimulus) an escape was categorised as 'toward' the stimulus, and if the angle of escape occurred between p and 2p radians, the escape was categorised as 'away' from the stimulus. These data were plotted and analyzed using Graphpad Prism 7.0. One-way ANOVAs were performed using a Dunn's correction for multiple comparisons to determine whether different experimental groups responded at different rates to the loom. Two-tailed exact binomial tests were run in R to judge the significance of our directionality results, with a probability of success equal to 0.5 as a null hypothesis.
Analysis of calcium imaging data
All tiff stacks for a given fish at a given depth were concatenated together using ImageJ. Movement artifacts were corrected using the template matching ImageJ plugin. An average intensity projection of the first 200 frames was generated, and this was segmented using the morphological segmentation ImageJ plugin (Legland et al., 2016) . The generated tiff stacks were imported into MATLAB, and the greyscale intensities of each ROI were extracted from the entire time series. These traces were used to calculate the change in fluorescence (Df/f) as a percentage, and were then z-transformed in MATLAB using the sample standard deviation. To create the example GCaMP trace, the fluorescent traces from three fish exposed to auditory tones were used. We manually identified 50 clear GCaMP firing events (> 10% Df/f change and showing the typical exponential decay) to align in MATLAB (using alignsignals). Once the 50 signals were aligned, we averaged them to produce the example GCaMP6f trace. A correlation map for each neural trace was created by using the corrcoeff MATLAB function. These correlation coefficients were exported into a separate array, where each column of correlations corresponded to the neural trace with the same column identity.
All files generated above were imported into a MATLAB struct to determine the neurons' responsiveness to the different stimuli. The correlations calculated above were used to determine whether a certain neuron was active during the presentation of a certain stimulus. This was done by finding neurons that had a correlation above 0.8 during the presentation of a particular stimulus. This was performed for each ROI in each fish for each stimulus, and resulted in a number of ROIs x number of stimuli array for each fish at each depth, which showed the number of times each ROI responded to each stimulus. These barcode data were averaged for all fish, and the proportions of ROIs active were compared against the proportions of ROIs active when there was no stimulus presented using a two-way ANOVA with Dunnett test for multiple comparisons. This method was used to compare tectal and thalamic responses to various visual stimuli repeated five times ( Figure S4 ).
For subsequent experiments, ten repeats of the stimuli were used and the distribution of responses to the stimuli were compared against the distribution of spontaneous activity when there was no stimulus presented. For these, we used a two-sample Kolmogorov-Smirnov test with Bonferroni-Holm correction for multiple comparisons.
The synGCaMP movies were analyzed with the CellSort toolbox, using 100 components with a 0.8 weight for the spatio-temporal ICA (Mukamel et al., 2009 ). After pixel-based segmentation, the resulting traces were z-scored and ranked using linear regression to the stimulus presentation. All traces with a coefficient of determination (r2) above 0.2 were selected. The responses to each stimulus train were then averaged across fish.
DATA AND SOFTWARE AVAILABILITY
All data and code are available from the Lead Contact upon request.
